Abstract-In this paper, the hierarchical control strategy of a photovoltaic/battery based dc microgrid is presented for electric vehicle (EV) wireless charging. Considering irradiance variations, battery charging/discharging requirements, wireless power transmission characteristics, and onboard battery charging power change and other factors, the possible operation states are obtained. A hierarchical control strategy is established, which includes central and local controllers. The central controller is responsible for the selection and transfer of operation states and the management of the local controllers. Local controllers implement these functions, which include PV maximum power point tracking (MPPT) algorithm, battery charging/discharging control, voltage control of DC bus for highfrequency inverter, and onboard battery charging control. By optimizing and matching parameters of transmitting coils, receiving coils and compensation capacitors, the wireless power transmission system is designed to be resonant when it is operating at the rated power, with the aim to achieve the optimum transmission system efficiency. Simulation and experimental results of the hierarchical control of the microgrid with electric vehicle wireless charging are established, showing the effectiveness of the proposed approach.
I. INTRODUCTION
The randomness and intermittence of large number of EVs charging will put forward new requirements and challenges to the traditional power grid and charging facilities [1] - [2] . Microgrid is an important way to increase the reliability of power supply, while enhancing the quality of users' electricity consumption, and to improve the efficiency of distributed power supply and the user side safety of the consumption capacity of renewable energy [3] [4] [5] [6] . Wireless power transmission (WPT) uses non-contact transmission of energy to make up for the shortcomings of traditional direct contact power supply, and at the same time can increase the flexibility and security of power supply, becoming an effective way of EVs charging. The microgrid technology and WPT applied to EVs charging and integrated into a whole system through the microgrid may become one effective method to solve onsite the EVs charging. This method can effectively reduce the traditional power grid upgrading requirements and the impact of high-power short-term charging of the traditional power grid. It also may solve the construction of various types of charging piles, decentralized electric vehicle charging concentration and increase the flexibility of charging. Also through the control and management of the microgrid can provide higher quality electricity for EV.
At present, research on microgrids for EVs charging mainly includes: control strategies, economic analysis, power flow calculation, vehicle battery to participate in the microgrid operation, and so on [7] - [10] . There are three kinds of transmission modes of WPT: electromagnetic induction, magnetic coupling resonance and microwave radiation [11] . The current research on WPT and EVs wireless charging mainly includes: the design of resonant transceiver coil structure and the control and management of vehicle battery. This paper studies the hierarchical control strategy of DC microgrids for EVs wireless charging, including design of the local controllers of microgrids, design of the wireless charging side voltage controller, and design of the energy management system.
The structure of this paper is as follows. Section II introduces the structure of the hierarchical control system of the DC microgrid with EVs wireless charging. Section III analyzes the possible operating modes of the system and the operating status of the PV panels and the battery pack. In Section IV, the structure of the controller is introduced, including the battery charging/discharging controller, the DC bus voltage controller of the high frequency (HF) inverter side and the charging controller of the vehicle battery and the wireless charging system. The wireless charging system is in resonance state by optimizing the matching transceiver inductor and the compensation capacitor parameters. Sections V and VI shows the simulation and experimental results. Section VII gives the conclusion of the paper. 
II. HIERARCHICAL CONTROL FOR PV MICROGRID WITH EV WIRELESS CHARGING
The structure of the hierarchical control of a PV microgrid with electric vehicle wireless charging is shown in Fig. 1 . The first part of the system is composed of a PV based microgrid, wireless charging system, load, and battery. The PV based microgrid comprises a PV power generating unit, a DC/DC converter and a battery unit. The PV unit and the battery unit, which is controlled by a bidirectional DC/DC converter, are connected in parallel to the DC bus. The wireless charging system comprises a DC/DC converter, a DC/AC HF inverter, a receiving/transmitting coil and a corresponding tuning capacitor. The electric energy generated by PV microgrid is converted to 20 kHz HF voltage by DC/DC converter and DC/AC HF inverter for the wireless transmitter power supply. The resonant system can efficiently transmit power by the transmitting coils to the load power supply. The vehicle battery system comprises an AC/DC rectifier, a DC/DC converter, and a vehicle battery.
The second part of the control system mainly includes central and the local controllers. The central controller is mainly used to assess the operation mode of the system, select the local controller, and set the parameters. The local controller comprises a battery charging/discharging controller, a HF inverter DC bus voltage controller, and a vehicle battery charging controller. Under the coordination of the upper central controller and the local controller, the PV microgrid can provide stable and efficient electric energy for EV charging through the wireless charging system.
III. CENTRAL CONTROLLER
Considering the variations of the PV power with the illumination intensity, the relationship between the PV power and the load power is found as shown in Fig. 2 . According to the relationship between photovoltaic power and load power, the photovoltaic microgrid for the electric vehicle wireless charging system operating mode as shown in Fig. 2 . (1) AB segment. The illumination intensity is weak, the maximum power of photovoltaic power Pmpp<Pmin (The simulation system sets the PV starting power Pmin = 10kW), the PV is off and the battery discharge alone to maintain a constant DC bus voltage. The battery side DC/DC converter controller is a constant voltage controller and the system is running in mode I. When the remaining capacity of the battery is less than the minimum remaining capacity or the battery voltage is less than the minimum discharge voltage, the battery stops discharging and the system is shut down and run in mode VI.
(2) BC segment. Increase of illumination intensity, the maximum power of photovoltaic power generation Pmpp≥Pmin ， but Pmpp<PLoad, (PLoad is the total load power). The battery discharging controller contains the DC bus voltage Udc=Umpp (Umpp is the photovoltaic voltage at which the maximum power is output for photovoltaic). The battery side DC / DC controller is the maximum power point tracking (MPPT) controller for discharge, at this time the system runs in mode II. If the battery is empty, the system shuts down and runs in mode VI.
(3) CD Segment. The maximum photovoltaic power generation Pmpp≥PLoad and Pmpp<PLoad+Pbatt_max (Pbatt_max is the maximum charging power of the battery), PV in the maximum power tracking state for the load power supply while charging the battery. The battery side DC/DC controller is the maximum power tracking controller for charging at this time the system runs in mode III. (4) DE segment. The maximum photovoltaic power generation Pmpp≥PLoad+Pbatt_max, the PV exits the maximum power running and charging the battery while supplying for the load. Battery select constant current or constant voltage charging according to the state of charging, the system runs in mode IV. (5) In the EF segment, the operating conditions of the system are the same as (3) . (6) In the FG segment, the operating conditions of the system are the same as (2) . (7) In the GH segment, the operating conditions of the system are the same as (1) .
In view of the above seven modes of operation, this paper uses Matlab/Stateflow to design the upper center controller to realize the system energy management and running state transition to ensure the reliable charging of EVs.
IV. LOCAL CONTROLLER

A. Common DC bus control
The PV array is directly connected to the DC bus and the DC bus voltage. The output power-voltage characteristic curve of photovoltaic panel under different illumination conditions can change considerably.
When this occurs, the stable operation of the PV system is located in the right side of the maximum power point [17] . The output voltage of the PV DC voltage determines its output power. By controlling the PV array to work in the maximum power point, we can control the DC bus voltage, and then achieve the maximum power output of the PV array.
B. Design of battery side DC / DC controller 1) Battery discharge controller
When the system operates in modes I and II, the battery is in discharging state, and the battery side DC/DC controller is shown in Fig. 4 . The outer loop of the controller is a voltage one and the inner loop is a current one. The voltage loop includes a constant voltage control loop and an MPPT loop. Current loop ensure the discharge current does not exceed the limit. The output voltage loop of the PI signal is used as the reference value of the discharge current of the current loop, and the reference value of the maximum discharge current is 150A in this case.
When the system is operating in mode I, the constant voltage control loop is used to maintain the DC bus voltage at 500V. When the system is operating in mode II using the MPPT loop is used to achieve battery discharge and keep the DC bus voltage in the PV MPPT voltage Umpp. The current inner loop prevents the battery discharge current from exceeding the limit value.
2) Battery charging controller
When the system is operating in mode III and mode IV, the battery is in charge and charging control, is shown in Fig. 5 . The charge controller uses also a double closed-loop control. When the maximum power tracking of the PV is realized, the PI output signal is used as the reference value of the internal loop current charging current, see Fig. 5 (a) .
Here, the reference value of the maximum charge current is 60A. When the actual charging current of the battery reaches the limit amplitude, the system transits from the operating mode III to IV. With the increase of battery power, the state of charge (SOC) will change and the battery port voltage will rise. When the battery port voltage reached 95%, it will transfer to constant voltage charging control, see Fig. 5(b) . When the battery voltage reaches its maximum value and the charging current is less than its minimum value, the battery is fully charged and the charging process is stopped.
C. Parameter Selection and Controller Design of Resonant Wireless Charging
The wireless charging system is shown in Fig. 6 . It mainly includes HF inverter side of the DC bus constant voltage control DC/DC converter, a DC/AC HF inverter, a transceiver coil and a compensation capacitor, an AC/DC rectifier, a DC/DC converter for vehicle battery charging, and an electric vehicle battery. y Due to fluctuations of PV power generation, the voltage of the PV side is constantly changing. If the HF inverter is directly connected to the DC bus of the PV side, the system is difficult to control when the power demand of the vehicle battery changes, and the control complexity of the HF inverter is relatively large. Therefore, this paper first optimizes the parameters of the resonant wireless charging system, so that the system is in the resonant state when it is running at rated power. Then, the DC/DC converter is added in front of the HF inverter to control the wireless charging system.
In order to improve the energy transfer efficiency of the wireless charging system, and to make the system operate in the resonant state, the string compensation (SS) topology is selected to optimize the system transceiver loop, see Fig. 6 ; where ω is the angular frequency, M is the mutual inductance of the transceiver coil, Ls and Lr are the transmitter and receiver coil (s stands for transmitter and R stands for receiver); Cs and Cr are the added string compensation (SS) capacitors; zL is the equivalent impedance of the car battery at rated frequency; Uin is the input voltage of the transmitter coil; and is and ir are the current values of the transmitter and the receiver. The resistance value of the transmitter and receiver coils at the rated angular frequency are negligible respect to the inductance and capacitive resistance in the system circuit, so that they are not considered. y The impedance values zs, zr and zL of the transmitting coil, the receiving coil and the load are as follows:
When the transmitter and the receiver coils are coupled, by ignoring the impedance of the receiver converter, the equivalent impedance zsr:
. So that the total equivalent impedance of the transmitter loop is The power of the system from the transmitter to the receiver coils, that is, the power of the load, can be expressed
the impedance real part of the receiver circuit coupled to the transmitter circuit. When the system is in the resonance state, zr obtains the minimum value, and zsr gets the maximum value. When the system is in resonance state, zr obtains the minimum value and zsr gets the maximum value,
, then the load power can be expressed as: Fig. 7, which is 
V. SIMULATION RESULTS
In this paper, we use Matlab/Simulink software to simulate the PV based microgrid with EV wireless charging shown in Fig. 1 . The PV based microgrid consists of a battery of 192 series-connected cells, with a total capacity of 800Ah and a rated voltage of 384V, an EV battery capacity of 50Ah, and rated voltage of 266V. The main parameters of the simulation are shown in Table I . Fig. 8 shows that by controlling voltage of HF inverter in front of the DC/DC, when the vehicle battery charging power is constant, regardless of how illumination changes, HF inverter DC bus voltage 300V has remained unchanged. When a second EV is connected at 2.7s, the EV battery charging power increases, and the HF inverter DC bus voltage increases. Figs. 8(a)-(e) show the simulation results of the microgrid system, including the PV power generation, the battery current and voltage, and the DC microgrid voltage levels. As can be seen from Figure 8 (e), with the continuous access of the car battery the charging power will increase, and the input power of the HF inverter will increase at the same time.
Figs. 8(f) and 8(g) show that when the vehicle battery charging power changes, the transmission coil voltage/current of wireless power transmission also changes. Fig. 8(h) shows that the car battery charging power began to remain unchanged at 7.8kW. When the second EV is connected, power stabilized at about 11.8kW. From DC bus terminal of the HF inverter to the DC/DC for car battery charging energy transfer efficiency is more than 80%, including the loss of HF inverter side DC/DC converter, the DC/AC inverter, the transmitting/receiving coils, the AC/DC rectifier and the DC/DC power converter charging for the vehicle battery. 
VI. EXPERIMENTAL RESULTS
In order to further verify the feasibility of the system design, experimental results from the EV wireless charging station are obtained. The experimental system is shown in Fig.  9 , which consists of a DC power supply, a HF inverter, the WPT of transmitting/receiving coils, the electric vehicle and its controller. The main parameters of the experimental setup are shown in Table II.   TABLE II MAIN The WPT uses Litz wire winding. It consists of a plurality of thin copper wires which can effectively reduce the resistance caused by the skin effect of the HF current.
When the DC power output voltage is 320V, the coil parameters can be optimized by the corresponding tuning capacitor, the wireless power transmission system coil voltage/current waveform, and the receiver voltage/current waveform shown in Figs.10 and 11 .
As shown in Figs. 10 and 11 , the transmitting coil can work stable at 20kHz, and the phase difference of voltage and current is very small after the optimization of the transmitter coil and inductor. Under the action of the resonant power transmission system, the electric energy is transmitted to the receiving coil efficiently. The energy transfer efficiency of the receiving and transmitting coils reaches more than 90%. 
VII. CONCLUSION
In this paper, the hierarchical control of a PV based microgrid with electric vehicles wireless charging station is presented. Through the analysis and comparison of simulation and experimental results, the conclusions are as follows.
A hierarchical control strategy for a PV based DC microgrid HF inverter side DC voltage controller can change the wireless charging power by regulating the DC bus voltage. A wireless charging system was designed by optimizing the inductor and compensation capacitor parameters, thus the wireless charging system is in the resonance state, so as to achieve the best transmission efficiency. The simulation and experimental results show that the transmitting/receiving coils energy transfer efficiency can reach above 90%, while the wireless charging system overall energy transfer efficiency can reach 80%.
